Introduction {#s0010}
============

In current situation of world both developed and under-developed countries encountered some mutual problem, such as pollution and energy crises due to climate change and over population, even problem of 21st century COVID-19 also link with pollution. Second main problem now world faced that is energy crises, day by day with the increase of population demand of energy consumption increased but world have limited natural energy resources, According to World Energy Council in 2030 global energy demand compared to 2010 will increased 35% (pessimistic variant) or 45%--60% (optimistic variant). According to International Energy Agency (IEA) in 2000, 205 million barrel oil were consumed but in 2030 this will be increased as compared to 2010 1.5 time, in 2030 approximately 334 million barrel will be required ([@bib95]). This is alarming situation for the world, we must focused on renewable, environmental friendly, long life energy resources. In-short world major problem pollution (water pollution, air pollution) and energy crises. In pollution there were in different form, such as water pollution, air pollution, land pollution, light pollution and noise pollution but in all of them water and air pollution cause more damage our environment, climate and all the living things, even death from these two in the world is very high. World focused on solution of these critical problem without solution survival of people on this planet very difficult, if world faced energy crises on future than very difficult to fulfill the demand of energy with present energy resources. On the other hand one of the biggest problem is pollution, from pollution more people died as compared to violence and war approximately 9 million people every year died from pollution according to WHO. Need of the world is fresh water and fresh air. What is the solution of all of these? Which method or experimental technique provided us green environmental friendly solution of all of these problem or not all the solution of these problem but at least some solution of these critical problem? "Photocatalytic technique" provided us some ground breaking results of above disused problem. We discussed, our need is environmental friendly, low cost, long life, renewable energy resource, pollution free, affordable solution. In energy sector photocatalytic technique provided us environmental friendly, long life hydrogen H~2~ production solution and in pollution this technique provided us environmental friendly and with no side effect solution of water treatment and air treatment.

Accelerated photo-reaction in the presence of a catalyst is called photo-catalysis. In the reaction, light is absorbed by the substrate. Reaction rate or activity of catalyst depends on the ease by which the catalyst is creating electron-hole pair. These electron-hole pairs react with the substrate to produce free radical. Secondary reactions takes place, these radicals reacts with reactant (water in our case) to produce different useful products. First Photo-catalysis was reported in back 1911, by a German chemist who used the technique to bleach dark blue pigment by using Zinc Oxide in the presence of sun light. His name was Dr. Alexander Eibnor. In 1913, two scientists, Kozak and Bruner wrote an article in which they discussed the breakdown of oxalic acid using a photo-catalyst i.e., uranyl salts. Landau described this process in his article. Then in 1921, photo-catalysis was used to formaldehyde using a photo-catalyst (ferric hydro-oxide and colloidal salts of uranium) ([@bib38]). In 1938, there was a major breakthrough in the photo-catalysis. TiO~2~ was discovered. It was highly stable metal oxide. It was used as a photo-catalyst for bleaching dyes. TiO~2~ is a non-toxic compound. Bleaching takes place under UV light in the presence of oxygen. Active Oxygen is produced by the catalyst in the presence of UV light, this active oxygen then react with the organic chemicals of diy to bleach it out. This was in fact the first time when we came to know that photocatalysis can be used as a water purification technique ([@bib102]). From 1938--1963, no work was done on this topic because there was a little interest in this field. But in 1964, photo oxidation of isopropanol was observed by TiO~2~ and ZnO. This was the work of V.N. Filimonov. In 1965, oxidation of organic solvents from Zinc Oxide was reported. Another major breakthrough took place in 1972, when Akira Fujishima and kenichi Honda reported the electrochemical photolysis of water using platinum and titanium di-oxide electrodes. UV light was absorbed during this process. End product was evolution of Hydrogen at cathode. It was the cleanest and cost effective method of producing hydrogen to meet our energy requirements ([@bib98], [@bib39]). Photo-catalysis is also very effective weapon against the water pollution. In photo-catalysis, a photo-catalyst decomposes the organic pollutants in the presence of light. In short photocatalytic reaction was take place in presence of light (Sunlight) and catalyst, produce free radical these radical react with pollutant molecule and decompose them. Photocatalytic reaction help us in energy sector and against pollution but here we need to increase the efficiency of photocatalytic reaction, instead of bulk material as a catalyst we can use nanotechnology to improve the efficiency of photocatalytic reaction.

Nanotechnology is new and emerging field of technology that deal at nanoscale less than 100 nm. From last century it becomes the field of research since the first lecture Richard Feynman in 1959 on "There's Plenty at the Bottom" ([@bib76]) Nanotechnology provided us ground-breaking results in every field of research. Basically, in nanotechnology we study materials at nanoscale 10^9^, materials at bulk scale show different properties and at nanoscale different extraordinary properties, at nanoscale with size their surface to volume ratio increase. This surface to volume ratio property especially as a catalyst increase efficiency hundred percent as compared to bulk materials. In energy sector, for hydrogen production in water splitting process by using nanomaterials as a catalyst we can increase the efficiency of H~2~ production. In pollution, especially for water pollution nanotechnology for clean water is changing the business landscape in both the developed and the developing world. Nanomaterial have remarkable properties such as photo catalytic in nature, high surface area, highly reliable, high aspect ratio, electrostatic, compressible without change in surface area, tunable pore volume, magnetic, short intra-particle diffusion distance, hydrophobic and hydrophilic etc. High surface to volume ratio property of nanomaterials control the interaction with bacteria and pollutant. Nanotechnology help us to resolve the existing problem of conventional water purification method. Microbes in water are just thousand nanometer small while ordinary purifiers just lead with bacteria purifiers using nanotechnology are able to deal with virus without using any chemical, high temperature crushes and electricity. Photo-Impetuses and their studies on different fields is indicated in following studies ([@bib152], [@bib151]; [@bib150]; [@bib153], [@bib154], [@bib155], [@bib156], [@bib157], [@bib158], [@bib159], [@bib160], [@bib161], [@bib162], [@bib163], [@bib164], [@bib165], [@bib166], [@bib167]).

General Mechanism for Photocatalytic Reaction {#s0015}
=============================================

In photo-catalysis, a photo catalyst is used. Reaction rate mainly depends on the crystal structure of catalyst and the energy of incoming photons of visible or UV light. As a catalyst which materials are used, they acts as a sensitizer for the irradiation of light-stimulated redox processes depending on their electronic structure. Electronic structure is described by the filled valence and vacant conduction band.

If the band gap of the catalyst is equivalent or less than the energy of incident light, the electrons residing in valence band will absorb the photon and they will reach to the conduction band. Holes are left in valence band. They play the key role, Donor molecules are oxidized by these holes, also the hydroxyl (strong oxidizer) is produced when H~2~O react with these holes. Electron present in conduction band is absorbed by water to make superoxide ion, which is a reducing agent. So we can say that, this free electron is causing redox reactions to occur. These pairs of free electrons and holes can perform oxidation reduction reaction with any material which comes in contact with the catalyst and convert it into the desired products.

Oxidation Mechanism {#s0020}
-------------------

When light is irradiated on the catalyst, electron hole pair is generated by the promotion of valance electron to the conduction band. The hole created on the catalyst captures water molecule to oxidize it into hydroxyl radical which has very strong oxidizing powers. If any organic pollutant is their react with these hydroxyls and then decomposes. If the whole process takes place in the presence of oxygen, than chain reactions takes place between organic molecule's intermediate radicals and oxygen molecules. The end product is CO~2~ and H~2~O in case of organic pollutant.

Reduction Mechanism {#s0025}
-------------------

Reduction of atmospheric oxygen occurs in the form of pairing reaction. Oxygen is easily reducible, so its reduction is an alternative to production of hydrogen. The electrons of conduction band reacts with oxygen to form superoxide ion. The anion can also attach themselves with the intermediate in oxidation reaction producing peroxides and then change into water. Reduction process can easily take place in Organic matter as compared to water. That's why, high concentration of organic matter enhances the photocatalytic activity by increasing the probability of number of holes which eventually reduces the recombination rate of the carriers as shown in [Fig. 1](#f0010){ref-type="fig"} .Fig. 1General reaction mechanism for photocatalytic process.Fig. 1

Material Selection for Nanomaterials as a Photo-Catalyst {#s0030}
========================================================

In photocatalytic reaction, oxidation and reduction reaction occur simultaneously. We need such kind of materials or those catalyst for photocatalytic reaction which support both oxidation and reduction reaction. In general, on the base of electronic properties, materials are divided in three basic categories conductor, insulator and semiconductor.

In case of conductor, valence band and conduction band is overlap. For photocatalytic reaction necessary condition is oxidation and reduction simultaneously, but in conduction only free electron are available. Form conductor, we perform only oxidization reaction at a time not both reaction simultaneously. Best conductor are alkali, alkaline earth metals and transition metals. They have no suitable band gap or mostly they were overlap with each other in conduction and valence band. For catalytic activity they were not suitable for reaction.

In case of insulator, they have high band gap then high energy required to perform oxidation and reduction reaction. We cannot split water molecule by using insulator as a catalyst or high energy is required. We need, that type of catalyst which activates in visible region or in the ultraviolet region. Moreover, insulator is deficient of free electron so no oxidation take place that's why insulator are not suitable for photolytic reaction. All gases in periodic like halogen and noble gases are insulator. Which were not suitable for the photocatalytic reaction.

In case of semiconductor, which have moderate band gap and they have capabilities of oxidation and reduction perform or support simultaneously. When light falls, free electron hole pairs is generated. Necessary condition for a semi-conductor to be a photo-catalyst, is the low recombination rate. Moreover, those semiconductor whose absorption wavelength (350--700 nm) in visible region or band gap in (1.5--3.5 eV) suitable for photocatalytic activity. Because they perform catalytic activity in the visible light. Generally semiconductors have a wide range of band gap but for a photo catalyst of UV visible region, we require only 1.5--3.5 eV bandgap semiconductor. Metal oxide generally falls in this category. Also they have some other properties which make them suitable as photo catalyst which are discussed below ([@bib59], [@bib31]).

Metal Oxides are very important for different electronic applications and in photo-catalysis. They full fill all of our requirements as a photo-catalyst. Metal Oxides have auspicious light absorption, electronic structure, band gap and carrier transportation, which makes them suitable for this job. Most important and fundamental property a photo-catalyst should have, is its band gap. Band Gap should be in the range of UV--visible range for low cost. Other properties are stability of the structure. Morphology, reuse-ability, high surface area etc. Metal oxides for example oxides of chromium, zinc, vanadium, cerium and titanium have all these properties. So they are used as photo-catalysts. When photo-catalyst is exposed to the visible light, it absorbs the photon and electron in valance shell is excited the upper conduction band creating an electron and hole pair. This e−/h+ pair causes the redox reaction to occur on the surface of the metal oxide which decomposes the pollutants. That's why metal oxide is used mostly as photo-catalyst ([@bib31]).

On the bases of nanomaterials morphology, size, chemical and physical properties nanomaterials are classified in different categories such as carbon based, metal, ceramic, semiconductor and polymeric nanoparticles.

In carbon based nanoparticles divided into two main categories carbon-nanotubes and carbon-fullerenes. Carbon-nanotubes (CNTs) are basically graphene sheet that are rolled in the form of tubes. Graphene tubes are hundred time stronger than steel. Furthermore, CNTs are further divided in single wall carbon-nanotubes (SWCNTs) and multiwall carbon-nanotubes (MWCNTs), these tubes have specific property thermally-conductive along the length wise while the insulator across the tube. Second category of carbon based nanoparticles are carbon-fullerenes, these nanoparticles are basically allotropes of carbon, contain sixty or more than sixty carbon atoms and their structure like hollow football called Buckminsterfullerene (C-60). Due to their high electron affinity, strength, electrical-conductivity and structure have many commercial applications. Here, over focus is role of carbon based nanomaterials in photocatalytic application, they are used as a hydrogen production, treatment of organic and in-organic pollutant, environmental pollutant and photocatalytic disinfection. C~60~/g-C~3~N~4.~,TiO~2~\@MWCNTs, C~60~/Bi~2~TiO~4~F~2~ reported against degradation of organic pollutant MB and RhB ([@bib7], [@bib103], [@bib49]). Similarly C~60~-modified, MWCNT and CNF-TiNT used degradation of inorganic pollutant ([@bib45], [@bib48], [@bib46]).

Carbon based nanoparticles have application as a photo-catalyst but there is some limitation due to which these were not use commercially. These were very costly as a catalyst in photocatalytic reaction very difficult to used, we need at a time low cost and high efficient catalyst, different types of pollutant present in water or air such organic, inorganic, heavy metals etc., but these nanoparticles focused only single pollutant at a time or confined to aqueous pollutant ([@bib23], [@bib25], [@bib35]). Another limitation during the hydrogen production by using these photo-catalyst is H~2~ separation from O~2~, separation is achieved by using O~2~ trapping agent then cost of whole setup is increased ([@bib50]).

Ceramic nanoparticles are in-organic solid particles, they are made up of from oxide phosphate and carbonates. These types of nanoparticles have high chemical inertness and heat-resistance. These particles have applications in photocatalytic activity, photo-degradation of drug delivery, dyes and imaging. By controlling their shape, size. Surface to volume ratio and porosity make them good drug delivery agent ([@bib92], [@bib63]) Some ceramic nanoparticle are semiconductor, in these semiconductor most of these are transition metal oxide which are suitable photo-catalyst for photocatalytic application. For example ceramic nanoparticles such as ZnO, TiO~2~ show lot application in photocatalytic process ([@bib64], [@bib21], [@bib42], [@bib52]).

Metal nanoparticles include pure metal such as gold, platinum, silver, iron, zinc, cerium, thallium, nickel, cobalt etc., their compound contain hydroxide, oxide, chloride, phosphate, sulfides and fluoride of these metal. These nanoparticles are prepared from precursors of metals and synthesized by different methods such as photochemical, chemical and electrochemical etc., mostly metal nanoparticles band gap lies in infrared region and ultraviolet region not suitable as a photo-catalyst. Silver nanoparticles as a photo-catalyst show photocatalytic application band gap in visible region ([@bib78], [@bib79], [@bib101]). Semiconductor nanoparticles found in group IV (Si, Ge), group VI (Se,Te) elements and group III--V, II--VI, I--VII, IV--VI, V--VI, II--V compound GaN, GaO, ZnS, CdSe, ZnO, TiO~2~, Mgo, AgO etc. Their properties like metal and non-metal, they have wide band gap by varying this show different properties. Semiconductor nanoparticles are best suitable photo-catalyst for photocatalytic application due to wide band and remarkable catalytic application, especially their band gap in visible region make them suitable for photocatalytic application ([@bib51], [@bib61]) Polymeric nanoparticles another category of nanoparticles, these are organic nanoparticles in nature. These nanoparticles structural shape like nano-spheres or nano-capsular, depend upon the synthesis techniques. Nano-capsular particles morphology like core shell, where nano-sphere have matrix like structure. These categories of nanoparticles have mostly applications in medical field in drug delivery and diagnoses ([@bib28], [@bib33]).

Application of Photo-Catalyst {#s0035}
=============================

Water Splitting {#s0040}
---------------

Photo catalysis can be applied for the production of hydrogen gas which is a potential energy source. Hence the energy extracted by this method is low cost and also it produces no harmful side products which could possibly pollute our environment. That's many researchers are working on this method of obtaining clean energy. First time water splitting was discovered in 1972 by using TiO~2~ as a catalyst but that time gain less attention due to low efficiency, in 1973 oil crises and in 1979 energy crises in world cause lot of attention water splitting photocatalytic reaction ([@bib12]). When we discussed 21st century crises then energy is one of them, in present world we need such kind of energy resource which can be exchangeable with already available natural energy resources because number of problem with available energy sources most important in them is these resources are not long time available. Photocatalytic process is less energy consumption, long life and green process for hydrogen production. It work under the natural solar light and photo-catalyst.

### Mechanism of photo-catalytic hydrogen production {#s0045}

Generating hydrogen from the process of photo-catalysis primarily depends on the photo-catalyst. Mainly, we use semiconductor metal oxides as photo-catalyst e.g., TiO~2~, ZnO, Ag~2~O etc. Reaction basically starts from a photon striking activating the catalyst. It will excite it and produce a free electron-hole pair which will initiate the reaction. Creation of electron-hole pair requires some specific properties of photo-catalyst. But the most important one is the Band Gap represented by E~g~. In semiconductors, electrons and hole reside in valance band when exposed to photons having energy equal to or more than the band gap, excitation takes place promoting electron to the conduction band. The general reaction is$$\left. \mathit{Catalyst} + \mathit{Photon}\rightarrow e^{-} + h^{+} \right.$$

These electrons and holes generated by photon are most likely to recombine instantly releasing energy via heat or photon. Recombination takes place on surface of semi-conductor.

Electrons and holes that survives i.e., which did not recombined while reaching to the surface of catalyst reduces or oxidizes reactants. Electrons reduces the reactant and holes perform oxidation. Reduction reaction is the base of hydrogen evolution. Other key things includes the valence band and conduction band level. For efficient production of Hydrogen, conduction band of catalyst should be more negative as compared to production level of Hydrogen ($E_{H_{2}/H_{2}O}$). Similarly, valence band needs to be more positive than oxidation level of water ($E_{O_{2}/H_{2}O}$) for evolution of oxygen.

Mechanism of hydrogen production by photo-catalysis is shown in [Fig. 2](#f0015){ref-type="fig"} . Any semiconductor fulfilling the requirements mentioned above, can be used for hydrogen evolution by photo-catalysis. However, some semiconductors have a property of photo-corrosion which makes them imperfect for the photo-catalysis. Having high chemical stability, high catalytic activity and effective photo electron hole separation makes TiO~2~ an ideal photo-catalyst for evolution of Hydrogen. But still, the efficiency of converting solar energy to hydrogen by TiO~2~ is very low. Main factors for this low efficiency rate are.•*Recombination rate*: Electrons and holes generated by photons by activating catalyst have a huge tendency of recombining and releasing the excess energy in the form of photons and unproductive heat.•*Reversible reaction*: Splitting water into oxygen and hydrogen causes an increase in energy. Due to this increase of energy, the reverse reaction i.e., recombination easily proceeds. In the end, we get lower yield of our desired end product.•*Visible light*: TiO~2~ band gap lies in UV region and in sunlight, only 4% is UV whereas 50% of visible light stays untouched. This inability of utilizing visible light is a key factor in limiting the efficiency of the photo-catalytic process ([@bib68]). Fig. 2General mechanism for water splitting using TiO~2~ as a catalyst.Fig. 2

A lot of work has been done to resolve the problems mentioned above. Adding electron donors and carbonate salts as whole scavenger improves the efficiency. Several other techniques have been used to improve enhance the hydrogen production e.g., metal ion-implantation, anion doping, composite semiconductors etc.

### Factors affecting photo-catalytic activity {#s0050}

#### Band gap energy {#s0055}

Energy difference of conduction and valence band of Photo-catalyst or semiconductor metal oxide is represented by Band Gap (E~g~). To make hydrogen evolution feasible, thermodynamic potential of conduction band should be higher than potential level of acceptor. Band gap is responsible for charge separation to reduce recombination rate and activity under a specific wavelength. General intentions are to decrease the band gap so that photo-catalyst can be activated in visible region. This will enhance the efficiency of hydrogen production. It is reported that doping (metal or non-metal) reduces the band gap into the visible region ([@bib5], [@bib91]).

#### Surface area/structure {#s0060}

One method of lowering the band gap is by altering the surface texture of catalyst. Photo-catalytic activity is also affected by the different Crystal structures and surface area. Larger surface area contains higher number of active sites increasing the likelihood of reaction to take place. Moreover, for small size particle, it is easy for photo electron and hole to reach the surface by traveling shorter distance decreasing the recombination rate. This enhances the activity of a photo-catalyst ([@bib97], [@bib106], [@bib73]).

#### Light intensity {#s0065}

Intensity of irradiated light is a key factor for the photo-catalytic efficiency since it has two regimes. Generally, activity is improved by increasing intensity of irradiated light having energy approximately equal or greater than band gap energy or threshold energy because the rate of forward reaction i.e., consumption of photo electron and hole to form hydrogen and oxygen, is higher than the backward reaction. This is the case of first regime. In the second regime, it is a half order reaction. Activity is decreased by increasing the intensity because the rate of backward reaction is greater than the forward reaction. We gain lesser hydrogen in the end ([@bib75], [@bib2]).

#### Temperature {#s0070}

Temperature enhances the photo-catalytic activity by facilitating the production of electron hole pair. At higher temperature, desorption of products from catalyst surface enhances the activity. Because it gives opportunity for more electron hole pairs to generate which are then utilized for oxidation and reduction reaction. At lower temperature, desorption rate of products decreases and it lowers the photo-catalytic activity ([@bib1], [@bib27]).

#### pH {#s0075}

Hydrogen production by water splitting depends on concentration of proton i.e., pH of solution, because the photo-generated electron reduces proton. Mostly in reported paper production rate of H~2~ is basic medium is large as compared to acidic mostly H~2~ in strong basic medium is large (pH\>10) ([@bib99], [@bib54], [@bib15], [@bib56]). However, [@bib65] reported in their paper production of H~2~ in acidic medium is large as compared to basic medium, in case of strong acidic medium more H^+^ are absorbed on photo-catalyst then possibility of reduction of H^+^ to H~2~ by e^-^ will be increased, they use TiO~2~/RuO~2~-MV^2+^ photo-catalyst in methanol water mixture. Overall at strong basic medium production of H~2~ are maximum ([@bib29]).

Waste Water Treatment {#s0080}
---------------------

Our earth covered with water two-third of its surface almost it is 330 million cubic mile of water but we need fresh water. Only $3\%$ of water on our planet is fresh. Of that $3\%$ only $1\%$ surface water and rest of water is frozen or underground. One in six people on the planet do not have access to clean drinking water. World population is increase exponentially every year $83$ million people per year it is expected in 2020 world population is increased with 7.9 billion per year ([@bib60]). According to WHO report in 2019 cause of second most death is Diarrhea which were produce from water pollution, Cholera also water pollution diseases from this every year 95,000 death according to WHO ([@bib82]). Moreover, still 2 billion people do not have simple sanitization-facilities, even one in fourth health-care facilities shortage water services. If this situation remain same then in 2025 half of the world population will be living in water stressed area ([@bib3]). So according to these static, in current situation one of the biggest issue in our planet is water pollution, water purification and shortage of water. Especially in developing countries like Pakistan, India and Bangladesh where shortage of sources, population increase exponentially and problem like energy crises than water purification has great importance ([@bib11]). In Pakistan 62% urban and 84% rural population have no proper water purification system. Hundred million diarrheal cases are registered in Pakistan hospital every year $40\%$ of death is due to the unviability of safe drinking water. It makes about 135,000 deaths per year ([@bib84]). Pakistan is the third most effected country from pollution in the world after India and China which are at first and second spot respectively. Here terrorism is not a big issue water shortage and purification is main problem ([@bib37]). Different types of toxic containments are present in water which have adverse effect upon consumption and led to a waterborne diseases ([@bib69], [@bib4]). That's containments can be presents in the form of organic and inorganic chemicals or physical, biological, radiological or heavy metal substance. Industry waste is the major cause of water pollution because they discard about 20% of the annual dye consumption into the water bodies ([@bib66], [@bib24]). We need a method to remove these organic pollutants form water. There are different water purification conventional methods are available like chemical transformation, distillation, biological treatments, reverse osmosis, coagulation and flocculation, microfiltration, ultraviolet treatment, ultrafiltration and many others ([@bib4], [@bib87]). Each of these method have specific limitation present conventional method are not sufficient to remove the containments from water and to supply 100% drinking water. These were also expensive and energy required specially for developing countries not affordable. Here, new and developed water purification technology are tremendously important in present world crises situation, Nanomaterials as a photo-catalyst provided us ground breaking environmental friendly results.

Photocatalytic reaction is green technique for waste treatment, perform in the presence of light and suitable catalyst which degrade the pollutant in water. It is define the change the rate of chemical reaction that is initiate under the suitable ultra-violet, visible and infrared light energy depend upon the band of catalyst, this energy generate electron hole pair (e−h) then these generated (e−h) pair produce highly reactive reducing and/or oxidizing radical on conduction and valence band respectively these radicals in contaminated water react with organic or inorganic pollutant degrade them through some secondary reaction. For waste water treatment semiconductor nanoparticles are suitable catalyst due to wide band gap and in the visible region. Here, our focus is less energy consumption and low cost setup for this those whose band gap lies in visible region best for waste water treatment.

### General mechanism {#s0085}

Photocatalytic reaction is surface phenomena, its general mechanism involve five basic steps, in first step on the surface of catalyst reactant diffusion, in second step reactant adsorption on surface of catalyst, in third step on surface of reaction basic take place, in fourth step production desorption and in final step once again product diffusion on surface of catalyst. General mechanism of degradation of organic pollutant in following 10 steps ([@bib67]).

Electron hole pair generation$$\left. {Ctalyst} + {light}\;{energy}\rightarrow e_{cb}^{-} + h_{vb}^{+} \right.$$

Aqueous dissociation of pollutant$$\mathit{Organic}\ \mathit{Pollutant}\ \left( \mathit{OP} \right)\left. \rightarrow{Organic}\;{anion}{\ \left( \mathit{OA} \right.}^{-} \right) + {Organic}\;{Cation}\ \left( \mathit{OC}^{+} \right)$$

Water splitting$$\left. h_{vb}^{+} + H_{2}O\rightarrow H^{+} + {OH}^{-} \right.$$

Electrophilic dissolved O~2~ adsorption$$\left. e_{cb}^{-} + O_{2}\rightarrow O_{2}^{. -} \right.$$

Superoxide anion protonation$$\left. O_{2}^{. -} + H^{+}\rightarrow{HO}_{2}^{*} \right.$$ $$\left. h_{vb}^{+} + \mathit{OA}^{-}\rightarrow\mathit{OA}^{*} \right.$$ $$\left. h_{vb}^{+} + \mathit{OH}^{-}\rightarrow OH^{*} \right.$$ $$\left. \mathit{OA}^{*} + \left\{ {{HO}_{2}^{*}\ {or}\ {OH}^{-}} \right\}\rightarrow{CO}_{2}\uparrow + H_{2}O + {mineral} + {neutral}\;{sites} \right.$$ $$\left. \mathit{OH}^{-} + \mathit{OC}^{+}\rightarrow{hydroxlated}\;{product} \right.$$

Recombination electron hole pair$$\left. e_{cb}^{-} + h_{vb}^{+}\rightarrow\mathit{heat} + \mathit{catalyst} \right.$$

### Factors affecting photocatalytic water treatment {#s0090}

Different factor which play a vital role in photocatalytic activity against waste water treatment.

#### Electreon hole pair separation rate {#s0095}

One of the important factor that is electreon hole pair separation rate. Electron hole (e−h) pair in semiconductor catalyst have very small life. It is necessary for good catalyst before recombine utlize in secondary reaction before recombination. For example, in TiO~2~ hole is good oxidizing agent in valance band and electron is good reducing agent in valance band redox potential for hole and electron 1.0--3.5 V and 0.5 to −1.5 V respectively verses normal hydrogen electrode ([@bib88]). For an ideal photocatalyst should have wide band gap and electron recombination as low as possible.

#### Structure of the catalyst {#s0100}

Photocatalytic activity directly depends on the structure of the catalyst. For example, titanium di-oxide (TiO~2~) is found the three different phases as rutile, brookite and anatase. In these three, the most effective one is anatase because it has the most stable structure, high adsorption power and its conduction band position. Morphology is an important factor in the degradation efficieny. It was reported earlier. For example, Zinc Oxide sample with spherical shape show higher efficiency than rod like structure because it has higher surface area. Photocatalyst is used in nano form instead of bulk form because we know that on nano scale, material has small size and higher surface area available for the reaction so the reaction rate increses or in other words we say that surface to volume ratio is increased which allows multiple reactants to react with the catalyst at a time e.g., Nano sized TiO~2~ is more effective than bulk TiO~2~ ([@bib36], [@bib57], [@bib34]).

#### pH {#s0105}

pH of the solution plays a vital role in the efficiency of a photocatalyst. pH affects the activity of photocatalyst by affecting its surface charges. It can be seen in term of electrostatic phenomenon between pollutant and charge particles. Result of observed photocatalytic activity for metal oxide semiconductor photocatalyst against dye, under different pH from litterature are discussed here. For pH less than 5 i.e., for acidic medium, lower efficiency of photocatalyst is observed from litterature due to the fact that concentration of proton is high in this pH so degradation of dye lags because less number of OH^−^ are available. For pH range of 5--10, photoactivity of catalyst increases and for pH 10 (alkaline medium), efficiency id maximum because the OH^−^ produced reacts with the organic pollutant and degrades it. For pH range 11--13, drop in the efficiency occurs here because hydroxyl ions concentration is very high and so they are scavenged. They don't have the opportunity to react the dye. Hence the efficiency in this pH range is very low ([@bib62], [@bib90], [@bib94]).

#### Amount of catalyst {#s0110}

The relation of photocatalytic activity with the amount of catalyst is direct i.e., an increase in amount of catalyst will increase the degradation rate because with increase in amount of catalystm the number of radicals essential for the degradation also increases hence the reaction rate increases. But after the optimal limit is reached, the increase in catalyst amount does not favour the reaction because it is difficult for light to penetrate though so most of the catalyst surfaces remains in-active ([@bib81]).

#### Intensity of **incident** light {#s0115}

Photocatalytic degradation rate is proportional to the intensity of incident light. As the light intensity is increased, the quantum yield increses. Quantum yield is the ratio of reaction rate and absorption rate. Wavelength also effects the efficieny of the reaction. TiO~2~ has a bandgap of 3.2 eV. It absorbs UV light. For light intensity from 0 to 20 mW/cm^2^, degradation rate increases. This is half order reactions i.e., rate depends on square root of incident light. Above the intermediate intensity i.e., \~25 mW/cm^2^, reaction rate decreases because high intensity light promotes the recombination of electron-hole pairs ([@bib83], [@bib74]).

#### Temperature {#s0120}

Dependency of efficieny of photo-catalytic rate on temperature of reaction has been studied by many researchers. For TiO~2~, reaction rate is decreased at 80 'C because the recombination rate of electron and holes is increased and also the catalyst's absorption rate is reduced at this temperature resulting decrease in the reaction rate. At the optimum temperature of 20--80′C, we obtain maximum reaction rate ([@bib83], [@bib26]).

### Role of photocatalytic process against different waste water pollutant {#s0125}

By using photocatalytic process lot of research work have been done against organic, inorganic, heavy metal and microbes present in a waste water. Organic pollutant present in waste water in the form of carboxylic acid, phenolic derivate, alcohol, chlorinated aromatic and in the form of pollutant dyes from leather and textile industry. Only Industry dyes have major role in waste water pollution because they discard about 20% of the annual dye consumption into the water bodies ([@bib66], [@bib24]). Semiconductor metal oxide nanoparticles such as TiO~2~, ZnO, CuO etc, show great potential against these contaminated dyes ([@bib22], [@bib9], [@bib17], [@bib8]). Photocatalytic treatment also show great potential against humic substance or natural organic matters. Humic substance have high molecular weight naturally occurring in yellow-brown, by using TiO~2~ 80% humic acid reduction is reported ([@bib53]), in another paper 65% reduction in humic acid reported ([@bib96]) In organic pollutant present in waste water in the form of nitrates, halides, ammonia, cyanide and thiocyanate these pollutant an effectively decompose by photocatalytic process. Different semiconductors nanoparticles such as TiO~2~ against AgNO~3~, TiO ([@bib55], [@bib40]) ZnO against Cr(Vi) and potassium cyanides ([@bib44], [@bib6]) and CdS/Titanate nanotubes reported against ammonia in water ([@bib47]).

Another waste water pollutants are toxic heavy metals, their amount is vary depend upon the contaminated water. For maintaining the water quality and human health, it is necessary to remove these toxic metal from water but some of these metal are very costly, rare and precious then some time these heavy metals are preferred on contaminated water, so photocatalytic process help us to recover these metal from contaminated water, by suing photocatalytic process various metal recovered ([@bib41], [@bib70], [@bib86]).

Microbes are another kind of pollutant that are present in waste water and directly effect on the human health, photocatalyst show anti-microbial effect and prevent the growth of microbes. During photocatalytic process highly reactive radicals are generated that help them in destruction of cell-wall of bacteria then which lead to destruction of complete bacteria/microbes. Harmful microbes that were present in waste water removed by heterogeneous photocatalyst such as *S. mutans*, *S. natuss*, *S. cricetus*, *E. coli*, *S. cerevisisas*, *L. acidophilus,* etc ([@bib58], [@bib16]). Other microbes *Chlorella vulgaris* inhibit using TiO~2~ photocatalyst ([@bib85]). Similarly photocatalyst ZnO used against *E. coli* and *S. aureus* ([@bib10]; [@bib43]).

Air Treatment {#s0130}
-------------

Air quality in which we breathe has a vital impact on our health. Several international reports suggest that the air present inside our rooms is more polluted as compared to the air outside our houses. This is an alarming situation. Inhaling poor quality air can cause many respiratory diseases. So it is important to improve air quality effectively. According to WHO report in 2018 every year 7 million people were died, 4.2 million people from outdoor pollution, 3.8 million people from household pollution and 90% of world population live where air quality is not good, according to WHO report this is very alarming condition and serious issue for the world. Air pollution exist in two phase gases and solid phases. In gaseous organic and in-organic chemical-containments include carbon monoxide (CO), Volatile organic-compounds (VOCs), Nitrogen and Sulfur containing organic compounds (NO~x~), In pathogen include bacteria, fungi and viruses and in particles or solid phase include solid organic and inorganic pollutants and pathogens etc ([@bib77]). These solid and gaseous phase pollutant in air treated by using prevention or removal approaches. At present most common removal of air pollution techniques includes such as gas-adsorption filtration, electrostatic-air purification, ventilation, air filtration ([@bib104]). These physical method have some side effects and costly, need continuous replacement of materials, disposal, physical removal, and disposal. However, other technique which are better than these which required no physical replacement such as UV-radiation and Ozone-disinfection but one of the major and most effecting disadvantage of these are harmful for the human health ([@bib18]). Therefor, there is a serious need to use that technique for air disinfection which is environmental friendly, in-expensive, safe and less energy consumption helpful to decompose maximum number of air pollutant. There are several air filtration techniques but none of them is very much effective as each one has its own limitations. Recently, scientists have started working on purifying air using photo-catalysis. It is a green method of purifying air and it resembles with photosynthesis occurring in plants leaves. Photo-catalysis has an excellent disinfection properties. It is used for treating gaseous pollutants, photocatalytic process is environmental friendly, inexpensive and save process for air disinfection, nanomaterial as catalyst under the suitable wavelength of light in photocatalytic process produce reactive oxygen species which react with air pollutant and decomposed them. Mostly the air pollution is caused by chlorofluorocarbons, cigarette smoke, Nitrogen oxides etc. Photocatalytic process of TiO~2~ is used for purification of air as it can react with these pollutants and converts them into echo-friendly substances. So in polluted area, pollutants can be removed ([@bib26], [@bib80]).

### Disinfection {#s0135}

Disinfections means destroying micro-organisms by oxidation or by denaturing there DNA. UV light process works by targeting DNA of the micro-organisms, hydrogen peroxide and ozone oxidizes the target. Photo-catalysis also does oxidation of the viruses and bacteria and convert them into carbon dioxide and water. BY removing bacteria and viruses from our surroundings, we are much safer from many diseases.

Photon strikes the catalyst and produces electron hole pair, which react with water to produce free radicals which in the end gives us hydroxyls, strongest oxidizing agent known, to perform disinfection ([@bib30]).

There are many factors which affect the efficiency of photo-catalyst and the efficiency or effectiveness of photo-catalyst is directly related to the disinfection rate. Some important factors are pH, catalyst loading, temperature, light intensity and wavelength. All these factors defines the practical and commercial use of this technology. For example take pH into consideration. It effects the efficiency of the reaction by changing charge carriers on the surface of photo-catalyst, altering the size of photo-catalyst and most importantly the position of valence and conduction band is displaced. pH also affects the isoelectric point of photo-catalyst TiO~2~. Isoelectric point is pH at which surface charge of catalyst becomes zero. Therefore, at iso-electric point, photo-catalyst will have no charge on its surface. This is also called point of zero charge (PZO). For TiO~2~, PZO lies between 4.5 and 7 pH ([@bib19], [@bib20], [@bib93]).

PZO depends on which catalyst is used. At PZO, efficiency is minimal because there is a very little interaction between catalyst and contaminants due to unavailability if surface charge. When pH \< PZO, catalyst surface becomes positively charged and starts developing an electrostatic force of attraction between anionic compounds. These interactions increases the absorption onto the activated catalyst. At pH \> PZO, surface will become negatively charged and it will no longer be able to attract anionic compounds, it will repel them. Wavelength of irradiation light is related with the band gap of semi-conductor or photo-catalyst ([@bib100], [@bib32]).

#### Photo-catalytic design for air purifier {#s0140}

Some factors should be taken under consideration for designing a photo-catalytic air purifier.

Proper or suitable band gap of photo-catalyst so that reactive species essential for the degradation of VOC can be made easily and in sufficient quantity. These essential reactive species are radicals (•OH, •O~2~ ^−^, HO~2~•, etc.) which enhance oxidation. For a photo-catalyst, position of valence and conduction band is important for production of •OH and •O~2~ ^−^ radicals respectively. Degradation process of organic pollutants in water such as dyes resembles with the VOCs degradation via photo-catalysis ([@bib105], [@bib71]).

Selectivity of photo-catalyst. For degradation of volatile organic compounds, end products are water and carbon dioxide. During the process, unwanted byproduct is coke which is deposited on the surface of photo-catalyst. If our target is removal of inorganic pollutants present in air, then we have to be selective about photo-catalyst. For example, in H2S removal or SOx removal, we want to oxidize sulfur into sulfur trioxide (SO~3~) or sulfate (SO~4~ ^2^ ^--^) because sulfur can block the photo-catalysts active sites. We need photo-catalyst with physiochemical properties to remove NO~x~. The end product is nitrate or nitrogen gas ([@bib12], [@bib89]).

For practical applications Stability of photo-catalyst is necessary for long term use. Otherwise, repeatedly changing the photo-catalyst could be very costly and irritating.

Visible light Response of photo-catalyst is also an important factor. We can efficiently use solar energy for purification purposes meaning that no electricity is required for the process. It will me a tremendous achievement if we can built such reactor which utilizes solar energy. It means that indoor air purification can be carried out by photo-catalyst under room light. No special light will be required ([@bib13], [@bib14]).

Immobilization of Photo-catalyst is a key factor for making a photo-catalytic reactor for air purification. Unlink the photo-degradation of aqueous organic pollutants, continuous reactors are used for air purification. So it is necessary for photo-catalyst to be immobile. To achieve immobility, different approaches are used for example fabrication of thin photo-catalytic film, using porous material for supporting catalyst or advance material designing. All these factors are for immobilizing the photo-catalyst ([@bib72]).

Conclusion {#s0145}
==========

This article reported history of photocatalytic activity their importance in different application and role in current pollution and energy crises. Photocatalytic process initiate under the light and catalyst, nanomaterials are best suitable photo-catalyst for photocatalytic activity, in nanomaterials most efficient photo-catalyst are semiconductor due to their remarkable photocatalytic activity and wide band gap in visible region because our focus is cost effective and environmental friendly photo-catalyst. In energy sector, H~2~ production from photocatalytic technique becomes emerging and efficient technique in current situation. In pollution related problem, photocatalytic technique is cost effective, environmental friendly and most efficient approach against organic, inorganic, heavy metal and microbe's pollutant. Different factors which affect the catalytic activity such electron hole pair separation and recombination rate, temperature, pH, catalytic structure and intensity of incident light. Overall, in the end we concluded photocatalytic technique in energy sector and in pollution related problem becomes emerging, efficient and green approach.
